Glomerular damage after uninephrectomy in young rats. II. Mechanical stress on podocytes as a pathway to sclerosis  by Nagata, Michio & Kriz, Wilhelm
Kidney International, Vol. 42 (1992), pp. 148—160
Glomerular damage after uninephrectomy in young rats.
II. Mechanical stress on podocytes as a pathway to sclerosis
MIcHIo NAGATA' and WILHELM KRIz
institut für Anatomie und Zellbiologie der Universitãt Heidelberg, D-6900 Heidelberg, Germany
Glomerular damage after uninephrectomy in young rats. II. Mechan-
ical stress on podocytes as a pathway to sclerosis. In a preceding study
[1], we showed that within six months after UNX in young rats,
glomeruli in the remnant kidney undergo a sequence of serious changes
which finally lead to focal segmental glomerulosclerosis (FGS). The
formation of abnormally-shaped capillary channels was shown to result
from local mesangial failure and is considered to be a nidus for the
development of more severe lesions. In the present paper, the devel-
opment of characteristic lesions in podocyte structure is described and
analyzed. Concomitant with overall glomerular growth after UNX, a
pronounced hypertrophy of podocytes was observed, while the mean
number of podocytes per glomerulus did not change. It appears that
podocytes cannot sustain the same degree of growth as the tuft as a
whole; podocyte hypertrophy is soon followed by maladaptive changes
which eventually lead to cell destruction. The following sequence of
pathologic changes can be suggested: cell bodies enlarge in volume and
area associated with a dramatic attenuation to cytoplasmic sheets.
Primary processes are thinned out and frequently extend to remote
capillaries. As a whole, the capillary area served by a single podocyte
is dramatically enlarged. Furthermore, the expanding cytoplasmic
sheets (derived from podocyte cell bodies) cover an increasingly large
proportion of the outer capillary surface, that is, of the filtration area.
Consequently, an increasing amount of filtrate is delivered into the
subcellbody space. Obstruction of the efflux of this filtrate into the
urinary space causes bulging of the overlying cytoplasmic sheets into
pseudocysts. Podocytes overlying abnormally-shaped and dilated cap-
illary channels are generally the most seriously affected. Tuft hypertro-
phy, pseudocyst formation and local capillary expansion cause wide-
spread apposition of podocytes to Bowman's capsule. Appositions are
a prerequisite for the development of tuft adhesion. Local detachment
of a podocyte from the GBM in those areas allows access of parietal
cells to the GBM. In early adhesions the connection of the tuft to
Bowman's capsule is established by single parietal cells which attach to
both the GBM and the basement membrane of Bowman's capsule, An
adhesion is considered as a nidus for segmental sclerosis; as the
adhesion progresses, the related tuft regions turn into sclerosis. In the
present model FGS develops exclusively in areas of tuft adhesion.
In a preceding study [1], we showed that within six months
after UNX in young rats the glomeruli in the remnant kidney
undergo a sequence of serious changes which finally lead to
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segmental sclerosis (FGS). In the foregoing paper we have
described in some detail changes in glomerular function, the
hypertrophic response of glomeruli and local breakdown of
glomerular tuft architecture. The most prominent changes in
tuft architecture are the result of local mesangial failure, and
consist in the coalescence of adjacent capillaries to giant
capillary channels associated with rearrangements of mesangial
cells and processes. These changes, even if rather serious in
appearance, seem to be compatible with fairly well preserved
glomerular function.
The deleterious effects, which finally lead to FGS, were
secondary to the changes in tuft architecture and primarily
concern the visceral epithelial cells (podocytes). Fries and
co-workers [2] have shown that these cells have a limited
capacity for adaptive hypertrophy. Maladaptive changes are
seen early and they quickly develop into serious structural
lesions.
Based on a thorough structural analysis of these lesions by
high resolution light microscopy, and transmission as well as
scanning electron microscopy, the present paper suggests a
possible sequence of events which may lead to the breakdown
of podocyte structure, followed by tuft adhesions to Bowman's
capsule subsequently turning into segmental sclerosis.
Methods
The present paper is based on the same experiments and the
same materials as the foregoing study [1]. Therefore only a brief
description of the experiments and applied techniques is given.
Male Sprague-Dawley rats were uninephrectomized (left
side) or sham-operated at ten days of age. Four, twelve and
twenty-four weeks later, the kidneys were fixed by retrograde
perfusion. Under pentobarbital anesthesia and without preced-
ing flushing of the vasculature, the animals were directly
perfused with a 1.5% glutaraldehyde, phosphate buffer solution
(pH 7.4), supplemented with 0.05% picric acid. Perfusion was
performed at a pressure of 200 mm Hg for three minutes as
described previously [3]. The right kidneys were cut in several
pieces and postlixed for 48 hours in the same fixative as used for
perfusion.
For high resolution light microscopy (semithin section tech-
nique) as well as for transmission electron microscopy, cubes of
cortical tissue were postfixed in 1% osmium for one hour,
dehydrated in a graded series of ethanol and embedded in epoxy
resin by standard procedures. Additional tissue blocks were
treated by a modified postfixation and staining technique, which
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minimizes treatment with osmium tetroxide and uses tannic
acid as a contrast agent [4]. Semithin as well as ultrathin
sections were cut on an Ultracut E microtome (Reichert-Jung,
Nul3loch, Germany).
Semithin sections (0.5 to 1.0 sm) were stained with methyl-
ene blue and studied by light microscopy. Ultrathin sections
were stained with uranyl acetate and lead citrate and examined
with a Philips 301 electron microscope at 80 kV. In addition,
scanning electron microscopy of critical point dried tissue was
applied in the present study. The same perfusion fixed tissues
were used as for the other techniques. Coronal sections of
kidneys were thoroughly washed in 0.1 M cacodylate buffer.
Dehydration was accomplished in a graded series of ethanol and
then the tissue was subjected to critical point drying using CO2.
The dried specimens were mounted on aluminum stubs with
silver conductive paint, sputter-coated with gold (100 A), and
examined in a Philipscan 500 scanning electron microscope
operating at 25 kV as described elsewhere [5].
Morphometric procedures
The average number of podocytes per glomerulus in each rat
was estimated by a previously described method [2, 6], which
relates the numerical density of a particle type (Ny), to its
profile density (NA = number of podocyte nuclei per related tuft
area) and its volume density (V, estimated from the area of
podocyte nuclei per related tuft area). In this particular case,
the particle considered is the podocyte nucleus. In epon-
embedded 1 m sections, 10 randomly sampled profiles of
superficial glomeruli per animal were photographed by light
microscopy and enlarged to a final magnification of x 1550.
Glomerular tuft area (AT) and visceral epithelial nuclear area
were measured using a semi-automatic Image Analysis System
(VIDS IV, Al Tektron).
N(PO) the numerical density of podocyte was calculated by
the following formula [6]:
Nv(PO) = (k//3) (NA3/Vv)"2
where k = 1 is a size distribution coefficient for particles of
essentially equal volume—in this particular case for cell nu-
clei—and /3 = 1.5 is the dimensionless shape coefficient for
ellipsoids with an axial ratio of 1.7 for podocyte nuclei as
described previously [6].
The absolute podocyte number per glomerulus N in each
animal was calculated by multiplying the mean density in each
animal by the mean tuft volume (VG) of this animal. VG was
taken from the measurements described in the accompanying
paper [1]. Briefly, in epon-embedded 1 tm sections the glomer-
ular tuft area (AG) was measured in 65 (on average) randomly
sampled profiles in each animal and G was calculated by
following formula:
= (/3/k) (AG)312
where /3 = 1.38 is the shape coefficient and k = 1.1 is the size
distribution coefficient for spheres as given by Weibel [6].
The incidence of focal segmental glomerulosclerosis (% FGS)
in each animal was estimated in the preceding study [1]; its
con-elation with N(PO) was tested by linear regression analy-
sis.
Table 1. Morphometric parameters of podocytes
0
p.m310° N0
N(PO)
N/pm3 106
4 weeks
Sham 0.51 0.07 160 16 311 6
UNX 0.67 0.09 162 13 241 20
12 weeks
Sham 1.43 0.2" 169 11 120 16"
UNX 2.28 03a,b 172 21 75
24 weeks
Sham 2.07 Q46 174 II 88 IT
UNX 3.67 O.6 163 12 45
All values are expressed as averages so. Abbreviations are:
average glomerular tuft volume; N,,, average number of podocytes per
glomerulus; N(PO), average numerical density of podocytes.
P < 0.01, "P < 0.01, 4 vs. 12 weeks
P < 0.01, 12 vs. 24 weeks
The location of (a) tuft appositions and (b) tuft adhesions to
Bowman's capsule was determined in 1 pm sections of all
animals of the 12- and the 24-week UNX groups (adhesions in
the 24-week UNX group only). Meridional sections of glomeruli
which contained both an apposition (or an adhesion) and the
vascular pole were photographed; in the photographs apposi-
tions (adhesions) lying near the vascular pole (that is, within a
circle having the vascular pole as a center and a radius of about
one third of the maximal tuft diameter) were separated from
those lying outside this circle.
Statistics
Results are expressed as mean SD. Statistical significance
of differences among groups was tested with Student's f-test; P
<0.05 was considered significant for all statistical comparisons.
Results
Morphometric analysis of podocytes
As indicated in Table 1, the average number of podocytes per
glomerulus (Nrn) changed neither with normal glomerular
growth (controls) nor after UNX. Although compensatory renal
hypertrophy in young rats is characterized by cell hyperplasia
[7], podocyte number per glomeruli did not increase. Due to the
increase in tuft volume and the unaltered podocyte number, the
density of podocytes [N(PO)] decreased with age in both
groups. The lowest values were found in the hypertrophied
glomeruli of the UNX group (Table 1). Podocyte density
showed inverse con-elation with frequency of FGS in animals 24
weeks after UNX (r = —0.684; N = 8).
Normal and hypertrophied podocytes
To better understand changes of podocyte structure, it is
useful to consider the normal structure of a podocyte as seen in
the sham-operated animals (Figs. la and 2a). Podocytes have a
very complicated shape. From the cell body, primary processes
emerge and extend towards the capillaries, to which they are
fixed by foot processes; podocytes are never directly attached
to capillaries by their cell body. Consequently, beneath the cell
body a space (previously described by [8]) is found, which we
call the subcellbody space; it is bordered on one side by a
podocyte cell body and on the other side by the interdigitating
foot processes on the surface of a capillary. Usually, this space
ra
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Fig. 1. Scanning electron micrograph of normal (a) and hypertrophied
(b) podocytes from rats 12 weeks after sham-operation or UNX,
respectively. (a) Podocytes are attached to the underlying capillaries
only by their cell processes. The subcellbody spaces freely communi-
cate with the common urinary space (arrowheads). (b) A hypertrophied
podocyte, whose cell body is flattened and closely apposed to the outer
capillary surface. Openings of the subcellbody space are narrow (ar-
rowheads) or appear to be totally closed (arrow). (a) and (b) X —-1600.
communicates freely with the common urinary space of Bow-
man's capsule beneath the semilunar edges of a cell body which
span the space between the origin of two primary processes.
Podocytes in glomeruli from rats 12 weeks after UNX are
tremendously hypertrophied (Figs. lb and 2b). Their cell bodies
are stretched and attenuated and are apposed more closely to
the capillary surface than in controls. Consequently, the open-
ings between subcellbody spaces and the urinary space became
narrower. Figure 2b displays a section through the peripheral
portion of a hypertrophied glomerular lobule. In total eight
capillary loops are seen which belong to the same mesangial
center; five of them are served by the same hypertrophied
podocyte.
Fig. 2. Transmission electron micrographs of normal (a) and hypertro-
phied (b) podocytes. (a) Podocyte cell bodies are floating above the
corresponding capillary. Between the cell body and the filtration
surface a subcellbody space (stars) is developed which is generally
subdivided by processes extending directly from the cell body to the
underlying capillary. Note the open communication between the subcell
body space and the common urinary space (arrowhead). An intracellu-
lar inclusion body is seen (arrow). (b) Hypertrophied podocyte of a rat
12 weeks after UNX. Eight capillary profiles (1-8) belong to one
mesangial center (M), at least five of them (I to 5) are served by the
same podocyte; maladaptive changes are so far not seen. Stars indicate
the partitions of the subcellbody space. (a) x 4650; (b) x —2650; note
the difference in magnification between both pictures.
Ma/adaptive changes in podocyte structure These changes include: attenuation of the cell body ("pancake
Already 12 weeks after UNX many, 24 weeks after UNX podocytes"), pseudocyst formation, lengthening and stretching
almost all podocytes exhibit serious maladaptive changes. of primary processes, retraction ("fusion") of foot processes
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Fig. 3. Scanning electron micrographs of
glomeruli of rats 24 weeks after UNX;
podocytes exhibit maladaptive changes. (a)
Overview of an entire tuft. Hypertrophied
podocytes (stars) and several pseudocysts
(1, 2, 3, 4) of various sizes are seen. The
outer surface of capillaries is almost totally
covered by the enlarged podocytes.
"Openings" of the subcellbody space are
extremely narrow or closed (arrowheads). (b)
Enlarged view of two hypertrophied
podocytes with flattened cell bodies (stars)
and pseudocysts (1, 2). A third pseudocyst (3)
shows an apical perforation. The "openings"
of the subcellbody spaces are partly wide
(arrows), partly narrow (arrowheads). Note
the elongated and thin primary process (two
arrows). (a) x —6OO; (b) x ---225O.
and detachments from the GBM. These pathologic changes sheets which cover an increasingly large proportion of the outer
appear to arise from the fact that hypertrophic podocyte growth capillary surface. From these specimens as well as from TEM's
cannot keep pace with overall tuft enlargement. From this point (Fig. 4) it can be seen, that the peripheral parts of those
of view the changes can be seen to develop in the following expanded cells are attached to capillaries which are located
sequence. remarkably distant from each other. It is apparent that a single
podocyte may serve an extremely enlarged area, In addition to
Attenuation of cell bodies and pseudocyst formation the overall tuft enlargement, the mechanical challenge to a
The expansion of podocyte cell bodies is best seen by SEM podocyte appears to be greatest at sites where tuft structure has
(Fig. 3). The cell bodies are stretched out into cytoplasmic deteriorated. Along with the formation of dilated vascular
Fig. 4. Transmission (a—d) and scanning (e) electron micrographs of podocytes with maladaptive changes of rats 24 weeks after UNX. (a)
Peripheral subdivision of a glomerular lobule with deteriorated tuft architecture. The peripheral capillaries have apparently been moved apart from
each other subjecting the corresponding podocytes to tension. Note the expansion of subcellbody spaces (stars). A dilated capillary channel (CC)
is associated with abnormally situated mesangial areas (M). (b) Tremendously stretched podocyte cell body (P0) in association with a dilated and
abnormally shaped capillary channel (CC). The attenuated cytoplasm bulges to pseudocysts (stars); pseudocysts may be arranged in layers (1, 2)
above each other. Note the tuft apposition to Bowman's capsule (arrowhead). M, mesangium. (c) Extensively deteriorated podocyte. Many
pseudocysts (stars), dark staining protein droplets in the podocyte cytoplasm and widespread foot process retraction (arrows) are observed. A
denuded GBM area is also seen (arrowhead). M, mesangium. (d) Large pseudocyst (star) with apposition to Bowman's capsule (arrowhead). The
floor of the pseudocyst is made up by a fairly normal filtration surface (arrow). (e) SEM of a pseudocyst whose cupola has been lost (possibly by
the preparation procedure) allowing the inspection of its floor. The circular floor area is surrounded by foot processes arising directly from the cell
body cytoplasm of podocyte A (A). Only at one site a primary process (P) of a neighboring podocyte B (B) enters the floor and branches into foot
processes which interdigitate with the set of foot processes of podocyte A (white arrows). The subcellbody space appears to have only one major
opening at the entrance of the primary process of podocyte B (black arrow). (a) x —2100, (b) x -—1800, (c) x —2800, (d) x —1900, (e) x —5000.
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channels (described in the preceding paper [11 capillaries are
moved to remote positions pulling their podocytes with them.
At many places the attenuated cell body cytoplasm of
podocytes is elevated from the underlying capillaries due to an
expansion of the subcellbody space. These expansions repre-
sent the beginning of pseudocyst formation. As can clearly be
seen in Figures 3 and 4 a pseudocyst consists of a local
ballooning of the subcellbody space leading to a dome-like
structure. Its floor is made up by the outer capillary filtration
surface, above which the celibody cytoplasm bulges to a cupola
(Figs. 3 and 4). All intermediate stages between a slight local
expansion of the subcellbody space and the fully developed
dome of a pseudocyst are encountered throughout the entire
tuft. The largest pseudocysts are generally seen in peripheral
parts of the tuft overlying expanded capillaries. Pseudocysts
with an opening in the top of the cupola are also found (Fig. 3b).
Changes in podocyte processes
In addition to the expansion of the cellbody cytoplasm,
lengthening and stretching of individual primary processes is
also (even if less frequently) seen (Fig. 3b). In areas related to
tuft adhesions (see below) retraction of foot processes and
detachment of podocyte processes from the GBM is commonly
found. Aside from areas of adhesion, such severe changes are
much less frequently encountered (Fig. 4c). The appearance of
dark staining cytoplasmic droplets is a constant companion with
other severe changes in podocyte structure.
Appositions and adhesions
Appositions of the tuft to Bowman's capsule (that is, appo-
sitions of the visceral to the parietal epitheliurn; Fig, 5) appear
to be forerunners of adhesions. They are very frequently
encountered 12 and 24 weeks after UNX. They are seen at any
site of the tuft but most frequently near the vascular pole. Out
of 262 appositions encountered in glomeruli of animals of the 12
and the 24 week groups, 149 (that is, 57%) lay in the vicinity of
the vascular pole. In the center of appositions pseudocysts are
often found. Contact areas of pseudocysts with the parietal
epithelium of Bowman's capsule are often widespread (Fig. 5).
Adhesions are stable attachments of the tuft to Bowman's
capsule. An adhesion in its earliest elaboration consists of the
connection of the GBM and the basement membrane of Bow-
man's capsule by one interposed cell (Fig. 6). In many cases it
is clear that the connecting cell is a parietal epithelial cell of
Bowman's capsule which has acquired firm contact to the
GBM—generally to the most peripheral portion of a capillary
loop. Later, the connection is more complexly mediated, in-
cluding several cells as well as direct attachments of the GBM
to the basement membrane of Bowman's capsule. It is worth
mentioning that sclerotic foci are generally not found in tuft
areas related to adhesions in early or intermediate stages of
development. In contrast, such adherent tuft areas frequently
contain dilated capillaries (Fig. 6 and 7).
As can be seen in several figures (Figs. 6 to 8), an adhesion
obviously leads to an increased pull on Bowman's capsule. It is
generally seen that the parietal epithelium around an adhesion
bulges into Bowman's capsule towards the central point of
affixation at a tuft capillary (Figs. 6 and 7). A space between
parietal cells and their underlying basement membrane is
thereby created which, in the beginning, is electrolucent in
Fig. 5. Tuft appositions to Bowman's capsule. (a) Light micrograph of
a glomerular profile 24 weeks after UNX. A widespread tuft apposition
to Bowman's capsule is shown, which is most prominent at the site
overlying a dilated capillary channel (stars). Frequently an apposition is
mediated by pseudocysts (arrows); in other cases (arrowheads) the
outer capillary surface abuts to the parietal epithelium. VP, vascular
pole. (b) Electron micrograph of a glomerulus of a rat 24 weeks after
UNX showing a widespread apposition of the tuft to Bowman's capsule
(BC). Appositions are frequently mediated by the attenuated cytoplas-
mic wall (arrows) of pseudocysts (stars). A podocyte cell body filled
with dark staining absorption droplets is also seen (arrowhead). M,
mesangium. (a) x —3OO, (b) x —1550.
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Fig. 6. Early adhesions from rats 24 weeks after UNX. (a) Light
micrographs showing a small, circumscribed adhesion (arrow) found in
a section series within a distance of about 10 m. The beginning is seen
in (al), the end in (a3). Note that already at this early stage the parietal
epithelium bulges towards Bowman's space apparently pulled by forces
created by the tuft. (b and c) Transmission electron micrographs (tannic
acid technique) of a glomerulus 24 weeks after UNX showing the
adhesion of a single capillary loop to Bowman's capsule. Two parietal
cells (PEI and PE2) are attached to the GBM of the capillary (arrows).
The enlarged view in (c) shows the attachment of the parietal cells (PEI
and PE2) to the GBM (large arrows). The attachment site of PE1
(delineated by two small arrows) is located between processes of
podocytes (P0). Note the denuded areas of the GBM (arrowheads)
between apparently intact foot processes, BM, basement membrane of
Bowman's capsule. (al-3) x —560, (b) x --2300, (c) x —6800.
found. Podocyte cell bodies and their large processes are
frequently packed with dark staining droplets, probably repre-
senting secondary lysosomes. Accumulation of hyaline material
into the subendothelial space is also a common finding; these
hyaline deposits frequently appear to be associated with areas
of podocyte detachment from the GBM. Mesangial expansion
associated with an increased matrix production may also be
found in areas of adhesion. In advanced adhesions, hyalinosis
together with mesangial expansion including matrix accumula-
tion appear to result in the obsolescence of capillaries (Fig. 9).
Intracapillary aggregations of thrombocytes as well as leuko-
cyte attachments to the endothelium are only rarely found.
As with appositions, adhesions are most frequently found in
conjunction with the vascular pole. Out of 59adhesions encoun-
tered in meridional sections of glomeruli from animals 24 weeks
after UNX, 36 (that is, 61%) were located near to the vascular
pole, most of them were actually continuous with vascular pole
structures.
Discussion
In the preceding paper we have shown that UNX in young
rats leads to a massive hypertrophy of glomeruli in the remnant
kidney. Glomerular growth is associated with deterioration in
tuft structure. It was hypothesized that a decreased stability of
the hypertrophied tuft together with an increase in capillary
wall tension are the basis for local mesangial failure leading to
the local formation of dilated and abnormally shaped capillar-
ies. The present paper deals with maladaptive changes in
podocytes which develop into serious lesions eventually initi-
ating the final phases of sclerosis. The maladaptive changes
exhibit a characteristic pattern, which strongly suggests that
mechanical stress is the dominant causative factor.
Development ofpodocyte damage
appearance; later it is found to be filled by hyaline material or
newly produced basement membrane-like material (Figs. 7 and
9). By SEM an adhesion appears to be stretched out (Fig. 8).
In advanced stages of an adhesion the related tuft areas
consistently exhibit severe damage including sclerotic lesions
(Fig. 7 and 9). Detachments of podocytes from the GBM,
leaving behind widespread "naked" GBM areas, are often
Podocytes have an extremely differentiated cell shape and are
found in an unique position. Their cell bodies are floating within
the filtrate in Bowman's capsule being attached to glomerular
capillaries exclusively by their processes. This arrangement
seems incompatible with cell replication. In contrast to the
findings by Olivetti et al [9], three other studies [2, 10, 11] have
in fact shown that podocytes in the adult, in contrast to other
glomerular cells, do not multiply during normal nor during
hypertrophic growth. Our results after UNX in young rats
support this view: At no time was a difference in the number of
podocytes per glomerulus between experimental animals and
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Fig. 7. Tuft adhesions to Bowman's capsule
in an advanced stage of development from a
rat 24 weeks after UNX. (a) The adhesion
extends from the vascular pole (VP) to the
opposite capsule side (demarcated by thin
arrows). The attached tuft area contains
several dilated and abnormally shaped
capillary channels (1, 2, 3). Podocytes exhibit
severe lesions such as pseudocysts (stars) and
absorption droplets (AD). Bowman's capsule
consists of a thickened basement membrane
and cells which seem to be pulled towards
their fixation site at the tuft. Between the
basement membrane and the parietal cells of
Bowman's capsule electronlucent spaces are
seen (arrowheads). Note that capillary
obsolescence is not seen. The thick arrow
points to an additional small adhesion. (b)
Enlarged view out of a synechia in a
comparable stage as in (a). Parietal cells (P)
are disjoined from their basement membrane
(arrows) leaving behind an electrolucent
space. Throughout the adherent area,
podocytes exhibit severe lesions including
pseudocysts (stars), absorption droplets (AD)
and widespread detachments from the GBM
(arrowheads). Capillary obsolescence by
hyalinosis (H) is also seen. TEMs (a) x —450,
(b) x —1020.
controls found. Moreover, this number did not change with
growth between the 4th and the 24th week either in controls or
in nephrectomized animals. The occasional observation of a
mitotic figure in podocytes [10—12] may be explained by an
incomplete mitosis leading to binucleated cells as one has been
encountered in an experimental animal in the present study (not
shown). Taken together, the only mechanism by which
podocytes seem to adapt to glomerular growth in either controls
or UNX animals is cell enlargement. As has been shown
previously in the UNX/adriamycin model [2], the lack of
hyperplastic potential results in a dramatic decrease of the
numerical density of podocytes in hypertrophied glomeruli
when compared to controls (Table 1). Seen functionally, a
podocyte in a hypertrophied glomerulus after UNX has to
"serve" a much greater filtration area than a podocyte in a
control kidney.
The damage pattern of podocytes as seen in the present study
has been encountered in many previous investigations [13—17].
It appears that podocytes cannot sustain the same degree of
growth as the tuft as a whole; as a consequence they will be
subjected to tension and undergo maladaptive changes.
To illustrate the results of a dissociated growth between the
tuft as a whole and the podocytes, we use a model (Fig. 10)
which views the tuft as a globe. The podocytes are attached to
its outer surface by their processes; their cell bodies float above
the globe. The filtration surface which is exposed to the
subcellbody space is small compared to the free filtration
surface.
I. A'.
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Fig. 8. Scanning electron micro graph of a glomerulus of a rat 24 weeks
after UNX showing a tuft adhesion to Bowman's capsule. It is obvious
that the bridging portions (arrows) between the tuft (T) and Bowman's
capsule (BC) are stretched out. x —1250.
Given that podocytes cannot maintain the same degree of
growth as the globe, a point will be reached at which the
podocyte will come under tension from virtually all directions
(Fig. lOB). Its cell body will be stretched and flattened, the deep
invaginations between the origins of the cell processes will be
evened out, the cell body will take the shape of a "pancake".
Primary processes will be incorporated into the cell body
cytoplasm resulting in foot processes directly arising from the
cell body. Concomitantly, the subcellbody space will tremen-
dously increase in area and will simultaneously be narrowed.
The attenuated cell body will be pulled tightly over the under-
lying portions of podocytes, thereby cutting off (or at least
narrowing) the connections between the subcellbody space and
the common urinary space. An ongoing filtration into this
particular partition of the subcellbody space will cause an
increase in the subcellbody pressure, Presuming that the atten-
uated cytoplasmic cover is unable to develop sufficient wall
tension to counteract this pressure, it will gradually bulge
towards the common urinary space forming a dome-like bleb
(Fig. bC). In some cases a local rupture of the bleb may occur,
allowing the escape of the trapped filtrate.
All the details of this scenario are easily seen in glomeruli of
UNX animals, frequently already 12 weeks after UNX, ubiqui-
tously after 24 weeks. We therefore conclude that mechanisms
similar to those outlined in this model are responsible for the
maladaptive changes in vivo. The situation for podocytes in
vivo may in fact be worse because the tuft enlargement does not
occur symmetrically. Ballooning of a capillary due to local
mesangial failure (as described in the preceding paper [1])
seems to be a serious additional challenge, especially when
considering that such an event—as was seen in the isolated
perfused kidney [181—may develop fairly quickly. Most serious
lesions are consistently found in podocytes serving such dilated
and abnormally shaped capillary channels.
The model also simplifies the situation with respect to the
responses of podocytes; additional maladaptive changes in
podocytes are encountered. Long and extremely thin primary
processes extend from a cell body to remote capillaries, possi-
bly compromising the transport of trophic substances from the
metabolic centers within the cell body toward the peripheral
foot processes, resulting in an insufficient supply of these
substances to the foot processes, and possibly leading to their
detachment from the GBM. Also, the disruption of such pro-
cesses seems possible again resulting in the degeneration of the
corresponding foot processes and the denudation of the related
GBM area. A particular pattern of foot processes in denuded
areas (which has been previously noted [14]) suggests that
mechanisms other than local ones may underlie the detach-
ment. In such areas the foot processes of one podocyte are
fairly intact whereas the processes of the podocyte which
interdigitates with that cell have disappeared. This prestage to
total denudation may well have developed from the disruption
or insufficiency of the corresponding primary processes.
When considering the podocyte damage as being of mechan-
ical origin, the question arises of why podocytes are unable to
counteract mechanical stress. Normally, podocyte cell bodies
float within the filtrate of Bowman's capsule, attached to the
outer surface of capillaries almost exclusively by their foot
processes. As has been shown by Drenckhahn and Franke [19]
podocyte foot processes contain prominent longitudinally ar-
ranged microfilament bundles which anchor into the basal
plates of the foot processes. Integrins mediate the attachment of
the foot processes to the underlying GBM. The cytoskeleton of
the large cell processes and cell bodies is different. It consists of
intermediate filaments and microtubules, microfilaments are
lacking [19]. Little is known about the distribution of microtu-
bules and intermediate filaments in the cell bodies. In particular
it is unknown how or even whether these cytoskeletal elements
anchor in the cell membrane: desmoplakins are lacking [20],
reflecting the fact that podocytes are not attached to other cells
by intercellular junctions.
This elaboration of the cytoskeleton appears to be adapted to
the usual living conditions of podocytes, floating as individual
cells in the ultrafiltrate inside Bowman's capsule. Under normal
conditions it seems likely that their cell bodies are never
subjected to any kind of mechanical stress. If, under patholog-
ical conditions, they do come under tension, an adequate
cytoskeleton is lacking to resist this challenge.
Formation of tuft adhesions
It seems clear that segmental glomeruloscierosis in the
present model develops from adhesions of the tuft to Bowman's
capsule. First, an adhesion is established; progression to scle-
rosis is a secondary process. It appears that podocyte damage is
a crucial factor in the formation of adhesions. The following
sequence of events can be suggested: apposition of the tuft to
Bowman's capsule is a precondition for the formation of an
adhesion. Tuft appositions are a frequent and prominent finding
.'—.
C
Nagata and Kriz: Post-UNX changes in podocyte structure 157
Fig. 9. Fully developed synechia with
segmental sclerosis from a rat 24 weeks after
UNX. The adhesion extends from the
vascular pole (VP) to the opposite capsule
side (demarcated by arrows). Within the
damaged lobule, tuft structure is completely
destroyed: hypercellularity, accumulation of
matrix elements and of hyaline material lead
to capillary obsolescence. Although an
identification of cell types is difficult, it seems
that podocytes have widely disappeared.
TEM, x —500.
in the present model. The development of appositions is most
likely the result of the combination of several factors: maladap-
tive growth of podocytes including pseudocyst formation and
local expansion of the tuft due to local capillary dilatation (see
the preceding paper [1]) appear to be of major relevance.
Appositions (as later adhesions) are most commonly found near
the vascular pole comprising the initial branches of the afferent
arteriole. This prevalence underlines the relevance of local
capillary expansion; the initial branches of the afferent arteriole
were frequently found to be extensively dilated (see preceding
paper [1]).
Podocytes and parietal cells may be found to be apposed to
each other along a considerable proportion of the tuft surface,
but connections of stable character between the two cells have
never been found. In agreement with findings in chronic Masugi
nephritis [211 we suggest that damage of a podocyte associated
with a local denudation of the GBM allows the initial access of
a parietal cell to the GBM. As is consistently seen, the crucial
region of an early adhesion shows a single interposed cell
between the GBM and the basement membrane of Bowman's
capsule. In many cases it was clear from the morphology that
the cell which establishes the firm connection is a parietal cell.
Therefore, we conclude that adhesions develop from a process
by which a parietal cell gains access to the GBM establishing a
"beachhead" on the tuft. The structural elaborations of early
adhesions (Fig. 6) suggests that a preceding denudation of the
GBM is pivotal to allow the attachment of a parietal cell.
More advanced stages of an adhesion always show a wide-
spread involvement of the parietal epithelium. It appears that
the parietal epithelium is pulled towards the center of the
adhesion leaving behind a shallow (cell-free) depression which
is filled in with extracellular material (Figs. 6 and 7). From this
appearance it can be suggested that an adhesion is exposed to
tension. Scanning electron microscopic observations (Fig, 8)
corroborate this view: the connecting cells between the tuft and
Bowman's capsule are stretched out, implying that they are
subjected to tension.
Fully developed adhesions comprise large parts of the tuft as
well as of Bowman's capsule and, very frequently, are contin-
uous with the vascular pole. Thus, adhesions seem to have the
tendency for progression. An adhesion spreads from a small,
localized fixation to an extensive attachment of the tuft to
Bowman's capsule until the entire lobule is affected; eventually
segmental glomerular obsolescence occurs. The spreading of an
adhesion appears to precede the progression to sclerosis in the
corresponding lobule.
From adhesion to sclerosis
In studies of human autopsies or biopsies it is well docu-
mented that focal glomerular sclerosis is regularly associated
with adhesions [22—271. Even if an early association of adhe-
sions with segmental sclerosis has been observed [25, 26],
adhesions are generally considered as a secondary event in the
pathway to sclerosis. The same holds true for experimental
models of glomerulosclerosis; adhesions were regularly en-
countered [13, 14, 16, 28—32] and recognized as an early
attribute of the sclerotic process [13, 14, 161, but were seen as
one of the consequences of the segmental development of
sclerosis, not as an event initiating this development. In two
current scenarios of the sclerotic process [33, 34], tuft adhe-
sions to Bowman's capsule are not considered to be an impor-
tant step on the way to segmental sclerosis. The only exception
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Fig. 10. Schematic to show the results of a dissociated growth of
glomeru/ar tuft and podocytes. The tuft is depicted as a globe, to which
two podocytes are attached. (a) Mimic of the normal situation.
Podocyte cell bodies float above the globe being attached to it by their
processes. (b) Given that podocyte growth cannot cope with the
enlargement of the globe, podocytes are subjected to tension from
virtually all sites resulting in an enlargement and attenuation of the
podocyte cell body. Moreover, the expanded cell bodies are pulled over
the surface of the globe. Subcellbody spaces are increased in area and
decreased in height. (C) Progression of this process leads to an almost
complete covering of the globe surface by the enlarged and attenuated
podocyte cell bodies. The major part of the filtration surface is exposed
to the subcellbody space. Local obstruction of communications be-
tween the subcellbody space and the urinary space by a narrow
apposition of a podocyte cell body to an underlying podocyte process(arrow) will locally hinder the efflux of the filtrate from the subcellbody
space. The disjoined portion of the subcellbody space forms a pseudo-
cyst.
In the present study, quite serious tuft injuries such as
retraction of foot processes and local small denudations of the
GBM are seen independently of an adhesion; sclerotic lesions
(such as widespread podocyte detachments from the GBM,
hyalinosis, mesangial expansion and obsolescence of capillar-
ies) are exclusively seen in adherent tuft areas. In the present
model, the development of segmental glomeruloscierosis begins
with the local adhesion of the tuft to Bowman's capsule. Small,
circumscribed attachments of one capillary loop to Bowman's
capsule (as seen in Fig. 6) appear to represent the nidus for the
development of segmental sclerosis. Early adhesions are not
associated with sclerotic lesions in the corresponding tuft area;
such lesions develop later. The mechanism by which an adhe-
sion progresses to sclerosis is not fully understood; the sensi-
tivity of podocytes to mechanical stress might again be a crucial
factor in maintaining the progression.
The glomerular tuft as a whole as well as its individual lobules
should be seen as mobile structures usually floating in the
filtrate of Bowman's capsule. If the movements of the tuft or of
an individual lobule are hindered at a single point by an
adhesion, it is reasonable to suggest that within the transitional
regions between the fixed and the movable portions of the
lobule podocytes will be subjected locally to tension. Local
tension, as discussed above, will lead to serious changes
including detachments from the GBM.
On the one hand, naked GBM areas may be responsible for
the spreading of the adhesion by allowing the access of other
parietal cells to the tuft. On the other hand, they appear to be
the cause of massive proteinuria as observed in this and
previous studies [33, 35]. Rennke, Anderson and Brenner [33]
have proposed a convincing scenario by which the denudation
of the GBM will lead to proteinuria, hyalinosis, detachments of
the endothelium from the GBM and to mesangial proliferation,
eventually resulting in obsolescence of the involved capillaries.
All these characteristics are easily seen in areas of adhesion.
Even if the outlined mechanism is speculative, in several
aspects it would explain the local as well as the progressive
is the work on the development of adhesions in chronic Masugi character of the sclerotic process. It obviously does not stop
nephritis in the rat by Kondo and Akikusa [211. These research- before the entire lobule is involved. On the other hand, the fact
ers came to the conclusion that the primary event is the that it may stop when the entire lobule is captured speaks in
adhesion; sclerosis then develops secondarily in the adherent favor of this theory. Adjacent lobules are relatively independent
tuft area. entities with respect to mobility. Podocytes which bridge the
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cleft between two lobules in peripheral portions of the tuft
serving capillaries from two different lobules have never been
encountered. Interconnections between lobules are generally
restricted to areas near the vascular pole. This is obviously the
route on which sclerosis will ultimately jump to a neighboring
lobule, initiating a similar sequence of events in the adjacent
lobule, leading eventually to total glomerular obsolescence.
Conclusion
It has become obvious that in this model podocytes are
crucially involved in the degeneration of a glomerular tuft;
podocyte damage initiates and maintains the progression of
sclerosis. A dominant role of podocytes in the process of focal
glomerulosclerosis has been previously suggested in many
studies [17, 21, 24, 35, 36]; in a recent study, Fries and
coworkers [2] concluded that "the events that ultimately lead to
progressive glomerulosclerosis are, to a considerable extent,
the direct result of a condition that can best be described as a
state of epithelial cell insufficiency." This conclusion is in full
agreement with the observations in the present study, How-
ever, in their study [21 adriamycin, a substance directly toxic to
podocytes, was involved in the development of sclerosis. In the
present study, podocyte damage resulted from uninephrec-
tomy, and thus, a role for a direct toxic effect of any substance
was excluded. The podocyte damage in the present model
develops on the basis of an exuberant podocyte hypertrophy
finally turning into an insufficiency of podocytes to keep up with
overall tuft growth. The situation is locally aggravated by the
formation of giant capillaries due to local mesangial failure [1].
Both together—podocyte damage and local mesangial failure—
increase the probability of tuft adhesions, which represent the
decisive local event for the segmental manifestation of sclero-
sis. With respect to the ongoing discussion of whether glomer-
ular capillary hypertension or glomerular hypertrophy is the
major predisposing determinant for FGS [37, 38], the present
study, as others before [39, 40], suggests that both factors work
synergistically to produce the ultimate degeneration of the
glomerulus.
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